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Abstract㸸Gasification is one of the most promising technologies for conversion of biomass 
into power generation due to its tremendous potential in improving efficiency of energy 
conversion and reducing cost of electricity (COE). In this study, the techno-economic 
feasibility of distributed power plants via wheat/corn straw gasification in China was 
investigated, and an economic model was established using a basic discounted cash flow 
analysis to estimate economic performance of the power plants. The effects of key variables 
(such as scales, feedstock cost, electricity prices and run time etc.) on economic performance 
were analyzed, and the results showed that plant scale and straw cost are the most influential 
parameters on the plant economic performance. It is estimated that a plant with a capacity of 
5 MWe can be the optimal option for agricultural straw gasification to distributed power 
generation, the COE is 0.402 CNY/kWh, and SO2, NOx and dust emission are 2.5, 2.0 and 
0.038 g/kWh, respectively. The net present value (NPV) and the annual average of return on 
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investment (ROI) of the plant are 85.9 million CNY and 49.7 %, respectively, with a high 
discount of 0.12 at a current feed-in tariff (0.75 CNY/kWh) for biomass to power in China, 
suggesting a good economic feasibility and market competitiveness. The deployment of 
agricultural residues resources gasification to distributed power generation displacing coal-
fired power to supply electricity with rural area shows a significant potential in pollutants 
emission reduction and coal saves. Biomass gasification to distributed power generation 
serves as a sustainable technique for utilization of agricultural resources in practice, and 
would be widely applied in the near future supported by renewable energy strategies of 
Chinese government. 
Keywords: techno-economic; biomass; straw; gasification; distributed power 
1. Introduction  
Energy shortage and global warming are regarded as two severe issues worldwide [1]. The 
use of renewable energy sources is becoming increasingly important when it is considered in 
helping to alleviate global warming and utilising waste agricultural residues as a fuel supply. 
In the past 10 years, there has been renewed interest worldwide in biomass as an attractive 
alternative to fossil fuels. Nowadays, renewable energy provided an estimated 19.3% of 
global final energy consumption and of this total share, traditional biomass accounted for 
about 9.1% in 2015 [2]. Biomass is also widely recognized as a significant part of sustainable 
renewable energy. Additionally, the utilization of biomass produces significantly less 
nitrogen oxide (NOx) and sulphur dioxide (SOx) emissions than fossil fuels [3]. Further and 
sufficient exploitation of biomass resources is essential for future energy security, global 
carbon balance and sustainable development of the world. 
Gasification, which is one of the promising technologies to exploit energy from renewable 
biomass, is being used to improve the efficiency of biomass energy conversion and reduce 
the investment costs of biomass electricity generation. It has advantages for distributed power 
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generation systems that are appropriate for widely distributed biomass resources with low 
energy density [4, 5]. As the biggest agricultural country, China has abundant agricultural 
biomass resources, and a total of 889 million tonnes of agricultural biomass residues (about 
80% is wheat/corn straw) are produced per annum [6]. Agricultural residues contribute 
significantly to the biomass energy sector. About 46% of traditional biomass energy is 
supplied from major crop residues among which corn, wheat and rice account for nearly 80% 
of the total. Unfortunately, the large part (75%) is discarded, directly burnt in the field, or 
used by farmers for household energy which not only results in low combustion efficiency 
(10%), but is a waste of valuable resources and adds to pollution of the environment [1, 3]. If 
left to rot in the environment, then agricultural residues can lead to uncontrolled release of 
greenhouse gases, such as methane, adding to the problems of controlling global temperature 
rise. Therefore, a study on high-efficiency utilization of crop residues in rural China is highly 
urgent, especially when considering the large scale of the waste agricultural residue problem. 
In this case, biomass gasification power generation would be a good method to solve such 
problems in countryside, agriculture and farmers, for it can provide rural energy, improve 
rural energy mix, subdue environmental pollution, and create more job opportunities, as well 
as boost the rural economy to some extent by developing the technology widely throughout 
China [3].  
The research on gasification power generation with rice husk as feedstock started in the 
early 1960s in China, and great progress has been made over the past decade. Even as an 
emerging biomass power generation technology in China, biomass gasification power 
generation technology (BGPG) has been extensively studied [7-13], widely applied and well 
equipped. Sansaniwal et al. [7, 8] comprehensively compared different biomass to power 
technologies, and proposed a seriers recommendations for policy makers. Pauls et al. [9] 
developed a model to simulate gasification of pine sawdust in the presence of both air and 
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steam by Aspen Plus. Kaushal et al. [10] proposed a sub-model for tar generation and 
cracking included in the biomass gaisification process to optimize the gasification parameter. 
Lopez et al. [11] presented a conical spouted with an enhanced fountain bed for biomass 
gasification. Some studies focused on the tar removel from the syngas and gasification 
characteristics during special designed gasification reactor [12] [13]. Hefei Tianyan Green 
Energy Development Co., Ltd. (Tianyan) and Guangzhou Institute of Energy Conversion, 
Chinese Academy of Sciences (GIEC-CAS) have made a great contribution in the field of 
biomass gasification power generation. They have established over 30 power plants with a 
total capacity of more than 50 MWe, in China, Europe and Southeast Asian [3, 14]. 
Currently, biomass gasification power generation technologies developed in China include 
the following two types: 1) small- and medium-scale biomass gasification power generation 
systems, generating power through a simple gas engine system with scale varying from 
several kWe to 3 MWe with electric efficiency of 15-20% and 2) large-scale biomass 
gasification power generation system, adopting a subsidiary steam turbine driven by heat 
recovery steam on the basis of the gas engine power generator to form an integrated 
gasification combined cycle system with capacity of more than 5 MWe with electric 
efficiency ranging 26-30% [3]. A 1 MWe BGPG plant was demonstrated in Putian, Fujian 
Province of China with a rice husk as raw material (150 tdí1) [15]. The electric efficiency of 
the plant is 17% and the available fuels are sawdust, rice husk or straw, etc. This system 
consists of a circulating fluidized-bed (CFB) gasifier, a combined gas cleaner, five parallel 
gas engines rated at 200 kWe each and a wastewater treatment system. To promote 
efficiency, a high-efficient biomass integrated gasification combined cycle (BIGCC) 
demonstration plant with designed power output of 5.5 MWe was set up at Daiyao town, 
Xinghua city, Jiangsu Province, China [16]. The plant electrical efficiency can reach to 28-
30%. Rice husk, rice stalk and wheat stalk were used as the biomass feed, and air as gasifying 
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agent. This project was developed by Guangzhou Institute of Energy Conversion, Chinese 
Academy of Sciences (GIEC-CAS) and supported by 863 national programs in China. This 
plant includes a large-scale CFB, ten sets of 450 kWe gas engines, a subsidiary exhaust heat 
utilization system, a 1.5 MWe steam turbine and a wastewater treatment system, with all the 
equipment manufactured in China. 
However, this technology is still not widely promoted for biomass to distributed power 
generation in China due to its uncertainty in the terms of techno-economic feasibility. It is of 
great interest to investigate the impacts of adopting this technology for biomass to distributed 
power generation and the economic feasibility of the system. In this study, biomass 
gasification to power generation technology developed by our group (GIEC-CAS) [16] is 
selected to investigate the feasibility and reliability of distributed power plant from 
agricultural straw resources gasification in rural China. An economic model and 
sustainability evaluation model were established to investigate effects of the key variables on 
the techno-economic performance of the BGPG plant. Uncertainty or sensitivy analysis was 
performed to determine the most critical impact factors that should be focused on and 
addressed. The potential of pollutants emissions reduction from BGPG plants was estimated 
as well. The results from this study will provide valuable information and suggestions for 
future promotion of biomass gasification to power generation. 
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2. Biomass gasification power generation plant 1 
2.1. Description of straw gasification power plant 2 
The whole plant mainly comprises of a CFB gasifier, a gas-purifying system, gas engine 3 
or gas engine/steam turbine generators (scale ?4 MWe using the gas engine; scale ?5 MWe 4 
using the gas engine/steam turbine), a wastewater treatment system and etc, as shown in Fig. 5 
1. Straws are sent to the gasifier and gasified with air and steam to produce syngas. Most of 6 
biomass ash/char and bed materials (quartz sand) are separated at the bottom of the gasifier. 7 
The syngas from gasifier contains small amount of fly ash which will be removed by cyclone 8 
separator. After removal of particulates, the syngas is sent to wet scrubbing system to remove 9 
tar and fine dust [17]. The clean gas then enters internal combustion engine (ICE) for 10 
electricity generation (for large scale BGPG plants, a subsidiary steam turbine will be driven 11 
by heat recovery steam from the gas engine power generator). Meanwhile, both ash/char and 12 
fly ash as a by-product for sale can be recycled to replace a part of fertilizer. Due to the very 13 
similar chemical characteristics of wheat and corn straw as shown in Table S1 [18](shown in 14 
the Support Information), the feedstock straw properties used in this study are as follows: 15 
the ash yield is 14.20 wt.% on a dry basis (db), and the volatile yield and fixed carbon is 16 
69.01 wt.%, and 30.99 %, respectively, on a dry and ash free basis (daf). The moisture of the 17 
feedstock is 9.58 wt.% on an air dry basis (ad). The elemental composition of straw sample is 18 
C, 40.30; H, 6.53; N, 0.72; S, 0.33; O, 37.92 (by difference), (wt.%, db), and the low heat 19 
value (LHV) is 16.50 MJ/kg, on a dry basis. Gas composition and operation conditions of the 20 
demonstration atmospheric CFB gasifier are listed in Table 1, and Table 2 shows the main 21 
technical parameters of power plant and the other designed technical data of the plant are 22 
reported in [15, 16]. 23 
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Fig. 1 Flow diagram of biomass gasification power generation plant. 25 
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Table 1 Operating conditions and performance parameters of the straw gasification.  26 
Items  value 
Operating conditions  
 
Fuel feeding rate, kg/h (db) 3000-6000 
Temperature of gasifier, oC 700-810 
Heat output power of gasifier, MWt 20.0 
Gasification efficiency, % 70-75 
Gas heating value, kJ/Nm3 4700-6700 
Composition of syngas (vol, %, db) 
 
N2 46.8-53.3 
CO2 12.2-18.4 
CO 15.2-19.2 
H2 6.1-8.9 
CH4 3.8-5.7 
Others (CnHm) 0.5-2.3 
H2O 18.2-20.2 
Ash/char yield 
 
Accumulated ash, kg/kgbiomass 0.13 
Unreacted carbon, kg/kgbiomass 0.045 
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Table 2 The main technical parameters of power plant. 27 
Key unit Operation conditions Introduction 
Gasifier 
Temperature, °C 800 Circulating fluidized bed 
gasifier  Pressure, MPa 0.1 
Cyclone Separation efficiency, % 90  
Tar removal 
Input gas temperature, °C 150 
Water scrubber, through the 
water scrubber, the tar content of 
the fuel gas is below 100 mg/Nm3. 
Pressure, MPa 0.1 
Efficiency of water scrubber, % 95 
Gas engine 
Type of gas engines 500GF10 The gas engine (500GF10) is 
modified from the model 8300 
diesel engine, which is 
manufactured in diesel Engine 
Corporation in China. 
Model of gas engines 8250/8300 
Efficiency of gas engines, % 30 
Boiler 
Steam temperature, °C 350 Waste heat boiler, the 
temperature of the discharged gas 
from gasifier and gas engine sets 
are 350-500 and 500-550°C, 
respectively. 
Steam pressure, MPa 1.35 
Water feeding temperature, °C 60 
Steam turbine  
Rate power, MW 1.5 Condensing turbine, the 
waste heat boiler and steam-
turbine-generating system are 
integrated to from a combined 
cycle. 
Rated inlet steam pressure, MPa 1.34 
Rated inlet steam temperature, °C 310 
Exhaust steam pressure, MPa 0.009 
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3. Methodology 28 
3.1. Energy conversion 29 
 Net electricity efficiency is defined as the ratio of net generated power to the energy input 30 
to the system: 31 
u
u
net power output (MW)Net electricity efficiency = 100%
biomass heat input (LHV basis, MW)
gross power (MW)- consumed power (MW)
= 100%
biomass heat input (LHV basis, MW)
 (1) 32 
The gross power in the equation (1) is the total power generated from the plant, while the 33 
consumed electricity refers to either the internally used power or the power used on the site 34 
which is calculated as 10% of the gross generated electricity [19].  35 
3.2. Economic evaluation 36 
In this study, an economic model was established using a consistent methodology to allow 37 
for the comparison between the different processes and technology options. The model used a 38 
basic discounted cash flow (DCF) analysis [20], which consists of capital costs, operating 39 
costs (or variable costs) and projected annual revenues. COE is a useful tool for comparing 40 
different technologies since it calculates the cost of producing a single unit of electricity. The 41 
profits of the power plant is evaluated through the net present value (NPV, i.e. the difference 42 
between the present values of all costs and associated revenues) [21], and the annual average 43 
of return on investment (ROI, i.e. one of the commonly used economic criterion to evaluate 44 
the feasibility of a project)[22]. The higher NPV and ROI are, the more feasible it is to 45 
undertake a project [22, 23]. An option is economically attractive if it has the higher ROI and 46 
the NPV above zero. The economic assumptions are presented in the Support Information. 47 
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3.2.1. Economic criteria and capital cost 48 
Eq. (2) shows information about NPV, where i is the discount rate, Ct refers to the net cash  49 
flow over years t, and TPC refers to the total plant cost. COE can be obtained through eq. (3-50 
4), where CRF denotes the capital recovery factor, which is a function of the discount rate (i) 51 
and the expected plant lifetime (y). TVC is the total variable cost, and Sbp is the revenues from 52 
the by-products such as ash/char sale. The ROI is calculated using eq. (5), where P is the 53 
profit and TR is tax rate. 54 
¦
  
y
1t
t
t
i)(1
CNPV
      (2) 55 
output power Net7200
STVCCRFTPC
COE bpu
u 
    (3) 56 
yi
iCRF  )1(1       (4) 57 
(1 )
( )
P TRROI
TPC CRF TVC
u  u       (5) 58 
In reality, the increase of capacity is not in proportion with the increase in investment. 59 
According to a known investment Cr with the capacity of Sr DQGWKHVSHFLILFIDFWRUĮGHULYHG60 
from historical data for similar plants and usually in the range of 0.7-0.9 [24] (0.8 is used in 61 
this study with similar plants and plant scales (1-6 MWe) according to the ref.[19]), the 62 
investment required for an estimated plant S can be determined as in eq. (6) [25]: 63 
D)
Sr
S(CrC u       (6) 64 
 The total capital cost of small-scale (1-3 MWe) and medium-scale (5.5 MWe) BGPG 65 
demonstration plants [16, 19] are listed in Table S2. The capital costs of other BGPG plants 66 
with different scale are calculated by the eq. (6). 67 
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3.2.2. Biomass cost 68 
The total cost of straw (Cdelivery) refers to the sum of costs for straw production Cproduction, 69 
straw collecting (including the cost for harvesting and on-farm haulage) Ccollecting, storage 70 
Cstorage and road transport Ctransport. The Cproduction, Ccollecting and Cstorage are costs of 100-150, 71 
50-100 and 25 CNY/t, respectively, and those costs for different agricultural residues in  72 
China can be obtained from the literature[19]. The collection radius of biomass is calculated 73 
by the eq. (7), and Ctransport is calculated by the eq.(8) [19], [26]: 74 
    1 330 2 ln 1 26 1 100W Z u u   u u ub Pr m lc    (7) 75 
°¯
°®
­
!
d
d
 
km 25L          CNY/t       100-70
 km 25Lkm 51     CNY/t       50
km 15L0             CNY/t       52
C transport     (8) 76 
Where rb is the distance for collection (km, one way). Ĳ is the tortuosity factor, and a constant 77 
value of 1.5 is used for the rural road system. P refers to the handling capacity of the plant in 78 
dry tonnes per day, on the assumption that the plant operates 330 days per year. Ȧ is the straw 79 
moisture content (%). lc is the land coverage of straw planting (%), 90% is used in this study 80 
for the sake of biomass supply security. m is the straw productivity with typically 10 green 81 
tonnes per hectare per year (gt/(ha·year)), and L is the distance covered in the transportation 82 
(km). In this study, the Cproduction, Ccollecting, and Cstorage costs are 150, 80 and 25 CNY/t, 83 
respectively, and L is below 15 km.  84 
3.3. Sustainability evaluation 85 
The use of sustainability indicators for assessment of process performance aims at 86 
providing holistic and integrated evaluation enabling identification of advantages and 87 
drawbacks of the analyzed processes. In general, there are four indicators for sustainability 88 
assessment: economic, environmental, social and technical sustainability.  89 
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x Economic indicators. The economic indicators for BGPG include investment cost, and 90 
production cost.  91 
Investment cost: the average capital investment for unit capacity is adopted for the 92 
comparison of different alternative processes for making power using biomass or coal, as 93 
the production scale of alternatives are always different. 94 
COE: Production costs of coal or biomass to power are represented as the price of 95 
electricity (CNY/kWh). This is an important economic index and is easy to compare to 96 
the current price of electricity produced by different alternative ways. 97 
x Environmental indicators. The production of power requires consumption of raw 98 
material and energy, which leads to resource depletion. Besides, the production of power 99 
also releases waste into the environment, which causes environmental degradation. The 100 
proposed environmental indicators cover the following aspects: electricity efficiency (or 101 
energy conversion), renewability, water consumption, pollution emissions.  102 
Electricity efficiency: the production of power from coal and biomass is to convert them 103 
into another energy form so that they could be easily utilized. The calculation of 104 
electricity efficiency is expressed as eq.1. 105 
Renewability: the use of renewable resources, aimed at diminishing the consumption of 106 
fossil fuels, is a significant factor supporting sustainable development. Renewability is 107 
expressed as the mass ratio of feedstock from renewable resources to total main 108 
feedstock input. 109 
Water consumption: due to scarcity of water resources and environmental protection, the 110 
reduction of water consumption and improvement of its efficient use have become 111 
important optimization goals for power plants. Water consumption indicator is expressed 112 
as tonnes of fresh water consumed per unit power output (t/kWh). 113 
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Pollution emissions: in general, CO2, SO2, NOx and dust are the most common emissions 114 
of the power plants, and they also can caused severe pollution to environment.  The 115 
indicators include CO2, SO2, NOx and dust emitted from the power plant per unit power 116 
output (g/kWh) 117 
x Social indicators. Social area is one of the fundamental elements of sustainability. The 118 
social indicators usually include the community development and energy security aspect. 119 
Community development: This indicator is qualitative one, and it comprises many 120 
complicated phenomena. Simply, a sub-indicator of employment opportunities offered by 121 
the coal/biomass to power process is adopted to indicate community development, i.e., 122 
the job opportunities provided by power plants (employee number /MWe). 123 
Energy security: the purpose of making power from coal and biomass is to satisfy the 124 
electricity demand of the country GLYHUVH &KLQD¶V electricity supply, and therefore 125 
enhance national security. The indicator is expressed as the ratio of expected capacity of 126 
power from biomass or coal to the total electricity demand. The higher this indicator is, 127 
the more contribution on energy security in power supplies. 128 
x Technical indicators. The technical area has been generally emphasized as a wider aspect 129 
of sustainability for energy process. It is usually used to characterize the ability of the 130 
process to achieve, maintain, and improve its performance of purposed functions, such as 131 
the indicator of system reliability, system operability, etc. The proposed technical 132 
indicator in this study is technical maturity. Technical maturity is a qualitative indicator 133 
using the categorical scaling method to quantify the concept in the range 0-1, where 1 134 
denotes the best case, i.e., the technology has achieved large-scale industrial operation; 135 
0.75 represents a demonstration project or pilot stage; 0.5 denotes a small test phase; 0.25 136 
indicates a laboratory research stage; and 0 represents the worst case, i.e., the relevant 137 
basic research has not yet started [27]. 138 
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To interpret and compare the overall sustainability of different alternatives more 139 
intuitively and clearly, a further processing of these indicators is presented by use of 140 
normalization method, according to the eq.(9) [27]. 141 
}{worst}{best
}{worst
Xij
jj
jij
xx
xx

 
    (9) 142 
where xij is the indicator j for process i; best{xj} is the assumed best case of indicator j; 143 
worst{xj} is the assumed worst case of indicator j; Xij is the normalized indicator j for process 144 
i. The indicator varies in the range of 0-1. The greater the index value is, the better its 145 
sustainability is.  146 
4. Results and discussion  147 
The results of impacts of key variables on techno-economic feasibility of distributed 148 
power plant via agricultural straw gasification are presented in this section. The net electricity 149 
efficiencies and COE associated with the plant are calculated. The capital and operating 150 
expenditures and the projected revenues generated from electricity and recovered ashes are 151 
evaluated as well. Additionally, pollutants (such as CO2, SO2, NOX, and dust) emission 152 
reduction in rural region resulting from straw/wheat straw gasification power deployment 153 
replacing coal-fired power is analyzed. In order to obtain an accurate and reliable techno-154 
economic evaluation for the biomass power plant, a small to medium plant size with a range 155 
of 1 to 10 MWe is selected for this study by both considering the application scope of eq. (6) 156 
and the characteristics of straw for distributed use in rural area. 157 
4.1 Sensitivity analysis of economic performance 158 
4.1.1 Impact of plant size  159 
Fig. 2 shows the economic performance of plant on different scales. With the increase of 160 
plant scale, the unit capital investment per kW electricity and COE decrease significantly. 161 
However, they change slightly when the power capacity exceeds 5 MWe, suggesting that 162 
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effect of plant scale on economies is no longer significant in a plant with the capacity above 5 163 
MWe. NPV and ROI increase with the plant scale, and ROI increment tends to vary gently 164 
with the power plant scale being over 5 MWe. In addition, the scale of the plant exerts 165 
influence on the straw transportation. Long-distance road transport of straw may substantially 166 
increase the cost of straw delivery according to the eq. (6). The power plant with large-scale 167 
usually have a big collection radius due to the low distribution density and availability of 168 
straw. Long distance transportation is, clearly, not economically acceptable, and the power 169 
plants may be constrained in scale. It can be seen that straw cost (Fig.2b) increased 170 
significantly from 2.84 to 17.22 million CNY/y with the plant scale increasing (1 to 10 MWe). 171 
However, there is big difference at the results obtained at 4MWe and 5MWe.  The main 172 
reason is that for plants with a capacity İ 4MWe a gas engine is considered while for plants 173 
with capacity ı 5MWe a gas engine/steam turbine is used. The latter presented higher 174 
capital cost but also higher energy efficiecy. As a result, the toatl investment and straw cost 175 
are quite different for them. In fact, the straw price is highly fluid and pliable in response to 176 
movements of aggregated supply and demand. Therefore, a proper power generation capacity 177 
should be determined under the unfavorable expectations of the current wheat/corn straw cost. 178 
Due to the indistinctive economies of scale and increase of the feedstock cost in a larger plant, 179 
the COE decreased significantly at the beginning and then declined slightly with the plant 180 
scale increasing. Hence, the optimal capacity of a plant has to be determined by 181 
transportation cost, plant capital, operating costs, and other factors such as the possible 182 
variations of the cost for power grid infrastructure. The BGPG demonstration plants showed 183 
that the system within 3-10 MWe is particularly suitable for application in China due to their 184 
good cost performance ratio making them more commercially competitive[3, 28]. In this case, 185 
the capacity of a power plant is supposed to be 5 MWe taking into consideration both the 186 
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technique and economic performance. The plant with capacity of 5 MWe as an example will 187 
be further discussed in the following sections. 188 
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Fig. 2 Economic performance of plant at different scales.190 
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4.1.2 Impact of feedstock cost 191 
Fig. 3 describes the effect of straw cost on ROI, NPV and COE. The relationship between 192 
straw cost and the two indicators (NPV and COE) is linear, as would be expected. For every 193 
50 CNY/t increase in biomass cost, NPV and COE decrease by about 1.3×107 CNY and 0.039 194 
CNY/kWh, respectively. ROI decreases sharply with the straw cost rising, though the 195 
decrease rate declines gradually. It can be seen that if the straw price is higher than 750 196 
CNY/t, the COE will reach about 0.77 CNY/kWh (higher than biomass to power feed-in 197 
tariff 0.75 CNY/kWh in China), and straw BGPG power plant will lose its economic 198 
attraction. Nowadays, the wheat/corn straw cost is between 200-300 CNY/t (including 199 
transportation cost) in China [19], implying that wheat/corn straw BGPG plants are more 200 
competitive in economy. 201 
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Fig. 3 Impact of straw cost on COE, NPV and ROI.203 
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4.1.3 Impact of run time 204 
Fig. 4 summarizes the COE, ROI and NPV versus annual operational hours. The effect of 205 
annual operational hours on COE, ROI and NPV is significant. COE falls sharply, while ROI 206 
and NPV rise up remarkably as annual operational hours increase. In general, high operating 207 
rate requires high continuity and stability of feedstock supply. However, due to the problems 208 
of large straw collection radius, large storage quantity etc., it is very difficult to keep stability 209 
of straw supplying and make a high operating rate (above 90%) for the biomass power plant. 210 
Nevertheless, for the straw BGPG plant, it can still obtain a relatively low COE of 0.516 211 
CNY/kWh, and high ROI (22.7 %) and NPV (3.0 ×107 CNY) even at a low operating rate of 212 
57% (5000 h), indicating that the straw BGPG power plant has strong ability to resist market 213 
risk. 214 
 T22 
5000 5500 6000 6500 7000 7500 8000
20
40
60
80
100
N
PV
, m
ill
io
n 
CN
Y
Run time, hr/y
 NPV
20
30
40
50
60
 ROI
RO
I, 
%
       Curent 
operating hours
0.35
0.40
0.45
0.50
0.55
 COE
CO
E,
 C
N
Y
/k
W
h
 215 
Fig. 4 Impact of run time on COE, NPV and ROI.216 
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4.1.4 Impact of electricity prices 217 
Revenues for electricity sale are significant, especially for the economic viability of the 218 
power plant. In general, low feed-in tariff is compatible with a low COE power plant. As 219 
shown in Fig. 5, ROI and NPV increase dramatically with the increase of electricity price. It 220 
is found that when electricity price is higher than 0.50 CNY/kWh, the ROI will exceed 8.9% 221 
and the NPV will be above zero at either at a high discount rate (12%) or at a low discount 222 
rate (6%), which values are usually used to estimate economic benefits of the biomass power 223 
plants[25], [29], suggesting that the straw BGPG plant is economically feasible. :KDW¶VPRUH, 224 
the feed-in tariff rate is 0.75 CNY/kWh (including tax) for biomass energy electricity based 225 
on the National Development and Reform Commission in China [3]. Hence, the power plant 226 
turns out to be obviously profitable. 227 
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Fig. 5 Impact of electricity price on NPV and ROI. 229 
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4.1.5 Impact of by-product ash  230 
The ash formed in the power generation process still remains underutilized, inhibiting 231 
further application of BGPG [30]. Making full use of the ash is an important factor to 232 
improve the benefit of a BGPG plant. The ash/biochar from straw gasification can be 233 
returned to soil to enhance soil quality, realize carbon sequestration and recycle some of the 234 
inherent inorganic nutrients (such as Na, K, Mg, Ca and C etc.) in biochar [31]. Otherwise, 235 
the use of the fly-ash and chemical fertilizers and organic materials in an integrated way can 236 
reduce chemical fertilizer and increase the fertilizer use efficiency (FUE). It was estimated 237 
that N, P and K fertilizers can be saved by 45.8%, 33.5% and 69.6% respectively by 238 
integrating use of the ash, organic and inorganic fertilizers in a rice±groundnut cropping 239 
system[32]. Hence, ash/biochar can be as a by-product for sale to replace a part of fertilizers, 240 
which is particularly significant to improve the sustainability and economic performance of 241 
biomass to power industry. Fig. 6 presents the effects of the revenue from the ash/biochar 242 
sales on COE, ROI and NPV of the power plant with capacity of 5 MWe. Ash/biochar sales 243 
can bring about 2.5-20% reduction of COE on the basis of the power plant with ash recycle or 244 
sale when ash/biochar price at 100-800 CNY/t (with i from 0.06 to 0.12). The ROI increased 245 
by about 15% and 0.4 to 3.2 million CNY/y profits can be obtained when ash/biochar price 246 
increased from 100 to 800 CNY/t. The NPV increased by 3.8-26.8, 3.3-23.1, 2.9-20.3 and 247 
2.6-18.0 million CNY with the increase of ash/biochar price from 100 to 800 CNY/t when the 248 
i at 0.06, 0.08, 0.10 and 0.12, respectively.  249 
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4.1.6 Sensitivity analysis to COE 252 
In this section, the sensitive analysis is performed to identify parameters that have a 253 
significant impact on COE. Six typical parameters have been selected for the sensitivity 254 
analysis over the expected range of parameters variation for different scale plants as shown in 255 
Table S3.  Fig. 7 presents effects of changes in the most influential parameters on COE for a 256 
5 MWe straw BGPG plant. The straw cost has a considerable impact on COE. It can bring 257 
about 12.8% of the variation in COE when the straw price rises up or drops by 20%. These 258 
results imply that reducing the biomass resource cost is the most effective way to enhance the 259 
economic performance of the straw BGPG power plant. Capital cost data used in this study 260 
are from the commercialized power plants, and those data will be probably changed with the 261 
techniques development. A sensitivity analysis of impact of capital cost changes on COE was 262 
investigated and, although the capital cost of a plant changes with the year of installation, in 263 
the Fig. 7 it is shown that the capital cost barely influences the COE of a BGPG power plant, 264 
varying it by 30% leads to COE changing only by 0.03 CNY/kWh. Hence, on the basis of the 265 
data in the past, through the economic sensitivity analysis and HYDOXDWLRQLW¶VIRXQGWKDWWKH 266 
final results show little difference whether the capital cost of 2014 or that of 2015 increase or 267 
decrease by 30%. 268 
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Fig. 7 Effects of changes in the most influential parameters on COE for a 5 MWe straw BGPG plant. 270 
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4.2 Technical and economic performance 271 
4.2.1 Economic sustainability 272 
Technical and economic performance of straw BGPG plants with different scale options 273 
were summarized in Table 3. Small scale BGPG plants (1-4 MWe) show a low capital 274 
investment, but display a high COE due to low electrical efficiencies (17-18%). This status 275 
will become worse especially at a high price of biomass feedstock. Therefore, small-scale 276 
BGPG plant is suitable for the case with low-cost biomass feedstock and difficulty in terms 277 
of raising funds. The power plants based on the gasification technology with gas engine 278 
VWHDP WXUELQH FRPELQHG F\FOH WHFKQRORJ\ VFDOH  0:e) can offer net electricity 279 
efficiencies near to about 28%, resulting in a low COE below 0.4 CNY/kWh, which is 280 
comparable to that of a coal fired plant. However, the medium-scale BGPG plant presents a 281 
high capital investment due to the complexity of the system compared to a small scale BGPG 282 
plant. As a result, the medium scale BGPG plant can be a candidate when investment capital 283 
is sufficient. Overall, the medium scale BGPG plant is superior to the small scale BGPG 284 
plant in the aspect of economic performance at a reasonable guaranteed price of 0.5 285 
CNY/kWh [19]. Nevertheless, it is noted that the unit capital costs of the plants with the 286 
biomass gasification technology is in a range of 6500-7700 CNY/kW with capacity of 1-10 287 
MWe, which is more than that of coal-fired power (about 5000 CNY/kW). In order to be 288 
competitive and stand in the market, much efforts should be still focused on technology 289 
development of BGPG to further reduce capital investment. The capital costs of straw BGPG 290 
plant with the capacity of 5 MWe is about 7650 CNY/kW, which is higher than that of a coal-291 
fired power (CFP) plant (5000 CNY/kW) or a biomass direct combustion power (BDCP) 292 
plant (6000 CNY/kW) [6]. However, it should be noted that COE of BGPG plant is 0.402 293 
CNY/kWh, which is comparable to that of a coal-fired power plant (0.40 CNY/kWh) and 294 
lower than that of a BDCP plant (0.574 CNY/kWh). Otherwise, straw BGPG plant can still 295 
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present excellent economic performance at a current feed-in tariff (0.75 CNY/kWh) for 296 
biomass to power in China, implying that the power plant has big economic potential and 297 
market prospects. If the carbon tax is to be implemented in the future, straw BGPG power 298 
plant with low CO2 emissions will present greater advantages in economy. 299 
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Table 3 Technical and economic performance with respect to power plants scale 300 
Scale, MW 1 2 3 4 5 6 7 8 9 10 
The total plant capital cost, ×104 CNY 655 1129 1526 1939 3829 4431 5012 5577 6128 6667 
O&M cost, ×104 CNY/y 33 56 76 97 191 222 251 279 306 333 
Labour No. 16 24 28 32 38 42 46 50 54 58 
Labour cost, ×104 CNY/y 80 120 140 160 190 210 230 250 270 290 
Straw input, gt/y 10128 19962 29516 38800 30745 36894 43043 49193 55342 61491 
Total straw cost, ×104 CNY/y 284 559 826 1086 861 1033 1205 1377 1550 1722 
The total variable cost, ×104 CNY/y 396 735 1043 1343 1242 1465 1686 1906 2126 2345 
Ash/char sale profit (200 CNY/t), ×104 CNY/y 15.2 29.9 44.3 58.2 46.1 55.3 64.6 73.8 83.0 92.2 
Gross electricity, MWe 1 2 3 4 5 6 7 8 9 10 
Power consumption 
(10% of gross power output), MWe 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Net electricity, MWe 0.9 1.8 2.7 3.6 4.5 5.4 6.3 7.2 8.1 9 
Net electricity efficiency, % 17.00 17.25 17.50 17.75 28.00 28.00 28.00 28.00 28.00 28.00 
CO2 emission, g/kWh  approximate zero 
SO2 emission, g/kWh  4.22 4.16 4.10 4.04 2.54 2.54 2.54 2.54 2.54 2.54 
NOX emission, g/kWh 3.20 3.15 3.11 3.06 1.94 1.94 1.94 1.94 1.94 1.94 
Dust emission, ×10-3 g/kWh  63.94 63.01 62.11 61.24 38.82 38.82 38.82 38.82 38.82 38.82 
COE (i=0.08), CNY/kWh 0.565 0.518 0.486 0.468 0.402 0.392 0.385 0.379 0.374 0.370 
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4.2.2 Environmental sustainability 301 
As for the straw to power processes, electric efficiency of straw BGPG plant and straw 302 
BDCP plant are 28 % and 19.5%, respectively, both of which are lower than that of coal-fired 303 
plant (37.5%). BGPG plant requires higher water consumption due to water scrubbing for tar 304 
removal. However, the other performance such as renewability and pollutants emission are 305 
superior to CFP process. Particularly, the renewability of CFP is 0, while that of straw to 306 
power processes are closer to 100%. Renewability is expressed as the mass ratio of feedstock 307 
from renewable resources to total main feedstock input [27]. Besides, the CO2 emission per 308 
kWh for CFP is 917 g. In contrast, total-fuel-cycle CO2 emissions of straw to power are 309 
closer to zero. This is due to the fact that all carbon in straw biomass is originally derived 310 
from CO2 in the atmosphere, except for a small amount of conventional fuel consumed in 311 
production and transportation. 312 
4.2.3 Social sustainability 313 
The development of biomass to power can facilitate the reuse of agricultural residues. 314 
This could have a significant impact on the restructuring of agriculture and development of 315 
the local rural economy. Besides, for every investment of 1 MWe output, a straw BGPG plant 316 
will create about 9 jobs, and a BDCP plant will provide 8, while CFP plant is about 0.5 at an 317 
average level (the jobs is 80-120 for 300 MWe CFP plant, 100-150 for 600 MWe, 200-220 318 
for 1000 MWe in China). The jobs for BGPG and BDCP is set according to the survey on the 319 
number of employee of 1-20 MWe biomass power plants, and the jobs of CFP plant is set 320 
based on the survey on the number of employee of CFP power plants (which were established 321 
in recent years (2015-2017)) with different scale. The purpose of making power from 322 
biomass is to partially replace coal-based power, diversifying &KLQD¶V energy supply, and 323 
therefore enhancing national security in energy. The indicator, energy security, is expressed 324 
as the ratio of expected capacity of biomass power to the total power demand. It is predicted 325 
 T33 
WKDW &KLQD¶V electricity demand will be 8000 billion kWh in 2020 [33], meaning that coal 326 
consumption and CO2 emission will reach 2.8 and 21 billion tonnes, respectively. In order to 327 
reduce fossil energy electricity and CO2 emission, the ratio of coal power to the total power 328 
demand will be required to reduce from 70% to 60%, and biomass power ratio will increase 329 
to 3% in 2020 according to ³The 13th five-\HDU´ energy planning [33]. In fact, in China, the 330 
total biomass quantity (straw and forest resources) is about 1.8 billion tonnes per year [34]. 331 
About 40-60% of them can be used as biomass fuel, which could satisfy about 10% of the 332 
total electricity demand. However, the biomass use ratio is currently no more than 5%. The 333 
most important reason for the slow development of biomass power is inefficient technology 334 
leading to high cost and low energy utilization. BGPG could be an important alternative to 335 
coal power and provide a significant contribution in electricity production. However, 336 
conventional coal power would still dominate power production for a long period of time to 337 
come. 338 
4.2.4 Technical sustainability 339 
The indicator of technical maturity is referred to as the ability of the process to achieve 340 
its specific function. Only when the power generation technology from coal and biomass is 341 
mature and reliable it can be implemented and promoted on the commercial scale. On the 342 
basis of above classification, the technical maturity of straw BGPG plant, BDCP plant and 343 
coal power plant is 0.75, 1 and 1, respectively. Currently, the research in BGPG plant mainly 344 
focuses on gasifier improvement and a scale-up of the process. 345 
The above mentioned four main indicators (economic, environmental, social and 346 
technical indicators) and corresponding sub-indicators for sustainability assessment are 347 
presented in Table 4. Each sub-indicator for coal-fired power plant is the average level in 348 
China nowadays[33]. The reference point for each indicator includes its best-case score and 349 
worst-case score. Different reference states are chosen as the worst and best scenarios 350 
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according to the criteria obtained from literature reviews or definition of indicators. The 351 
results are also shown in a graphical manner in Fig. 8. Straw BGPG brings more 352 
environmental benefits in comparison to coal-fired power processes. However, it has some 353 
drawbacks, e.g. high water consumption, low energy efficiency and low energy security. 354 
Moreover, this technology is still immature and requires further studies. Finally, the 355 
conventional coal-fired process is still cost effective when compared to the straw to power 356 
processes due to lower unit capital cost, as well as higher energy efficiency and technical 357 
maturity, but it offers fewer jobs. 358 
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Table 4 Sustainability performance comparison between straw BGPG, BDCP and CFP. 359 
Indicator (subindicator) BGPG BDCP[35, 36] CFP[33] 
Reference value 
Best Worst 
Economic      
Unit capital cost, CNY/kW 7659 6150 5000 0 10000 [30] 
COE, CNY/kWh 0.402 0.574 0.4 0 0.70 [30] 
Environmental 
 
Electricity efficiency, % 28 19.5 37.5 100 0 
Renewability, % [27] 100 100 0 100 0 
Water consumption, kg/kWh [37, 38] 3.88 3.07 3.68 0 28.4 [39] 
CO2 emission, g/kWh 0 0 917 0 997 [40] 
SO2 emission, g/kWh 2.5 2.8 6.2 0 30.1 [40] 
Nox emission, g/kWh 1.9 3.2 3.3 0 15.0 [40] 
Dust emission, g/kWh 0.038 0.106 1.7 0 27.2 [40] 
Social 
 
Community development, staff/MWe 9 8 0.5 20 [19] 0 
Energy security, %[27] 3% 5% 60% 100% 0 
Technical 
 
Technical maturity 0.75 1 1 1 0 
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Fig. 8 Sustainability evaluation of straw BGPG, BDCP and CFP.361 
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4.3 Potential of pollutants emissions reduction and coal saving from deployment of straw 362 
BGPG plant 363 
Half of the crop residues come from east and central south of China, including Shandong 364 
province which is a major agricultural province with about 10% (about 88.3 million tonnes 365 
per year) of the total agricultural residues in China (shown in Fig. 9) [6]. The main 366 
agricultural products and agricultural residues in Shandong province are presented in Table 367 
4S and 5S. Although Shandong province is the second biggest agricultural province (Henan 368 
province is the biggest one), however, Henan province and Shandong province are adjacent 369 
provinces (similar geographic locations), and they have the same crops resources. Therefore, 370 
taking Shandong province as a case study can reflect the feasibility of crop resources 371 
utilization from an overall point of view. Currently, the total population of Shandong 372 
province is 96.9 million, and the rural population and urban population are 40.8 and 56.1 373 
million, respectively [6]. Assuming that the per capita of electricity consumption is 1.2 kWh 374 
per day for one rural person, and the total electricity consumption per year for the total rural 375 
people is 17.9 billion kWh/y, which requires wheat/corn straw of 14.0 million tonnes per year 376 
for 453 BGPG plants with capacity of 5 MW. As can be seen in the Table S5, the total 377 
corn/wheat straw is 89 million tonnes per year, and only small parts of crop residues (20-40%) 378 
are used for forage and household energy, and the large parts (60-80%) are discarded or 379 
directly burnt in the field [1]. Therefore, all straw available is 53.0-71.2 million tonnes per 380 
year, which can afford the total rural electricity requirement. 381 
Fig.10 shows the effects of straw gasification power replacing coal-fired power on 382 
pollutants emission and coal saving. Straw gasification power, replacing CFP, can effectively 383 
reduce the pollutants emission and coal consumption. In general, saving electricity of 1 kWh 384 
from coal-fired power can save 350 g standard coal, and reduce CO2, SO2, NOx and dust 385 
emission by 0.872, 0.026, 0.013 and 0.238 kg [40], respectively. As a result, if the straw 386 
 T38 
gasification power completely supplants local coal-fired power for affordable rural electricity, 387 
it will reduce CO2, SO2, NOx and dust emission of 1.6×107, 4.6×105, 2.3×105 and 4.3×106 t/y 388 
tonnes per year, respectively, and save standard coal 6.2×106 tonnes per year in Shandong 389 
province. On the basis of this scenario, the deployment of straw BGPG plants in Shandong 390 
province according to the distribution of rural population and rural electricity consumption in 391 
each region is presented in Fig. 11.  392 
The total rural population of the major agricultural residues provinces presented in the Fig. 393 
9 is 582 million in China [6]. Since the distribution of rural population is not consistent with 394 
the distribution of agricultural residues in different regions, not all the places are suitable for 395 
the distributed BGPG plant. As a result, a conservative preliminary estimate of the total 396 
agriculture residues used for distributed power generation in China can be obtained by the 397 
following assumption: (1) agricultural residues requirement for providing with 70% of the 398 
rural population electricity, regions with agricultural residues yield  60 million tonnes/yr; (2) 399 
agricultural residues requirement for providing with 50% of the rural population electricity, 400 
30 million tonnes/yr < regions with agricultural residues yield < 60 million tonnes/yr; (3) 401 
agricultural residues requirement for providing with 30% of the rural population electricity, 402 
regions with agricultural residues yield  30 million tonnes/yr. Therefore, the total 403 
consumption of agricultural residues is estimated about 100 million tonnes per year, which 404 
results in emissions reduction of CO2, SO2, NOx and dust at 102.2, 3.0, 1.5 and 27.9 million 405 
tonnes per year, respectively, and standard coal saving 4.1×107 t/y. 406 
This study provided available models and methods to evaluate the feasibility of 407 
agricultural residues resources gasification to power in China. Due to different type biomass 408 
leading to different biomass cost (such as biomass production, collection, transportation and 409 
storage cost) in different areas or countries, so the optimal scale for biomass gasification 410 
power plant and performance may be different from the results of this study, while these 411 
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results can be a guide or reference to biomass resources utilization of other countries. More 412 
importantly, the general models and methods can be extrapolated to evaluate the feasibility of 413 
most of biomass resources (such as wood biomass, and agricultural residues biomass etc.) 414 
utilization in different countries. 415 
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 416 
Fig. 9 Distribution of agricultural residues in China 417 
 T41 
10 20 30 40 50 60 70 80 90 100
0
2
4
6
 
 
t/y
Ratio of straw gasification power to rural electricity demand (%)
 Coal saving (×106) 
 CO2 emission reduction (×107)
 SO2 emission reduction (×105)
 NOx emission reduction (×105)
 Dust emission reduction (×106)
 418 
Fig. 10 Impact of straw gasification to power on pollutants emission and coal saving419 
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 420 
 421 
District  
Rural 
population  
Electricity 
consumption  
Wheat/corn straw 
consumption  
Straw 
BGPG plant  Pollutants emission reduction  
× 104  billion kWh/y  × 10
4
 gt/y  NO.  
CO2  SO2  NOx  dust  
× 104 t/y  
Jinan city  220.9 0.97 75.5 25 84.4 2.5 1.3 23.0 
Qingdao city  262.0 1.15 89.5 29 100.1 3.0 1.5 27.3 
Zibo city  144.8 0.63 49.5 16 55.3 1.6 0.8 15.1 
Zaozhuang city  174.4 0.76 59.6 19 66.6 2.0 1.0 18.2 
Dongying city  71.1 0.31 24.3 8 27.2 0.8 0.4 7.4 
Yantai city  267.7 1.17 91.4 30 102.2 3.0 1.5 27.9 
Weifang city  391.6 1.72 133.8 44 149.6 4.5 2.2 40.8 
Jining city  373.9 1.64 127.7 42 142.8 4.3 2.1 39.0 
Taian city  230.8 1.01 78.8 26 88.2 2.6 1.3 24.1 
Weihai city  98.7 0.43 33.7 11 37.7 1.1 0.6 10.3 
Rizhao city  125.2 0.55 42.8 14 47.8 1.4 0.7 13.1 
Laiwu city  53.5 0.23 18.3 6 20.4 0.6 0.3 5.6 
Linyi city  461.2 2.02 157.6 51 176.1 5.3 2.6 48.1 
Dezhou city  267.8 1.17 91.5 30 102.3 3.0 1.5 27.9 
Liaocheng  city  311.0 1.36 106.2 35 118.8 3.5 1.8 32.4 
Bingzhou city  168.0 0.74 57.4 19 64.2 1.9 1.0 17.5 
Heze city  453.9 1.99 155.1 50 173.4 5.2 2.6 47.3 
 422 
Fig. 11 The deployment of crop straw BGPG plants in Shandong province[6]. 423 
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5. Conclusions 424 
The analysis of techno-economic feasibility of the distributed power plant from 425 
agricultural straw via biomass gasification power generation technology in China showed that 426 
the plant size of 5 MW, with COE of 0.402 CNY/kWh, was an optimal option for distributed 427 
generation. The straw BGPG plant can show an excellent market competitiveness at a low 428 
operating rate (5000-6000 hrs/y), high feedstock cost (below 300-500 CNY/t) and low 429 
electricity price (0.5 CNY/kWh). By the aid of sustainability analysis, the straw BGPG is 430 
comparable to the CFP (0.4 CNY/kWh) in the aspect of COE, but also presents strong 431 
sustainability. It is estimated that the pollutants emission and renewability of the straw BGPG 432 
is obviously superior to CFP.  433 
The case study shows that the straw BGPG deployment displacing coal-fired power to 434 
supply electricity with rural area in Shandong province can effectively reduce coal 435 
consumption by 6.2×106 t/y, and the CO2, SO2, NOx and dust emission by 1.6×107, 4.6×105, 436 
2.3×105 and 4.3×106 t/y, respectively. The conservative estimation indicates that agricultural 437 
residues gasification to distributed power generation in China will contribute to reduction of 438 
CO2, SO2, NOx and dust emissions at 102.2, 3.0, 1.5 and 27.9 million tonnes per year, 439 
respectively, and save standard coal 4.1×107 t/y. All this suggests that distributed power 440 
generation from biomass gasification as a sustainable technique will probably have promising 441 
prospects for utilization of agricultural residues in China. Nevertheless, since the capital 442 
investment and electric efficiency of BGPG are 7659 CNY/kW and 28%, which can not be 443 
comparable to those of CFP (5000 CNY/kW and 37.5%), much efforts still needed to be 444 
focused on the technology upgrading of BGPG to reduce capital investment and enhance 445 
electric efficiency thus to increase its competitiveness. 446 
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Nomenclature 452 
Capital Letters  453 
C = the capital cost of power plant  454 
Ccollecting = straw collecting cost 455 
Cdelivery = the total cost of straw  456 
Cproduction= straw production cost 457 
Cr = the capital cost of the reference plant  458 
Ct = net cash flows of the year t 459 
Ctr = biomass unit transport rate 460 
Ctransport = straw road transport cost  461 
Cstorage = straw storage cost 462 
L = the transport distance 463 
NOx = nitrogen oxide 464 
P = the processing capacity of the plant in dry tonnes per day 465 
S = the scale of proposed plant 466 
Sbp = the revenues from by product  467 
SOx = sulphur dioxide 468 
Sr = the scale of the reference plant 469 
Xij = the normalized indicator j for process i 470 
Lowercase Letters 471 
ad = air dry basis 472 
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daf = dry ash free basis 473 
db = dry basis 474 
gt = green tonne 475 
ha = hectare i = the discount rate  476 
lc =  land coverage of straw planting 477 
m= straw productivity 478 
rb = transport distance (one way) 479 
t = tonne 480 
xij = the indicator j for process i  481 
xj = the assumed case of indicator jy = year 482 
Ĳ = the tortuosity factor, 1.5  483 
Ȧ = the straw moisture content (%). 484 
Greek Letters 485 
Į WKHVFDOHH[SRQHQW 486 
Ĳ = tortuosity factor 487 
Ȧ= straw moisture content 488 
Acronyms 489 
BGPG = biomass gasification power generation technology 490 
BDCP = biomass direct combustion power 491 
BIGCC = biomass integrated gasification combined cycle  492 
CFP = coal-fired power 493 
CNY = Chinese Yuan, 1 US dollar = 6.5 CNY 494 
COE = cost of electricity 495 
CRF = capital recovery factor 496 
DCF = discounted cash flow  497 
FETI = Fuels and Energy Technology Institute 498 
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FUE = fertilizer use efficiency 499 
GIEC-CAS = Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences  500 
HHV = high heat value 501 
HRSG = heat recover steam generator 502 
ICE = internal combustion engine 503 
LHV= low heat value 504 
M = million 505 
MW = million watt 506 
NPV = net present value 507 
O&M = operation & maintenance  508 
ROI = the annual average of return on investment 509 
TPC = the total plant capital cost 510 
TR = tax rate 511 
TVC = the total variable cost 512 
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